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Here I report on comparisons between two different techniques in fabricating arrays of 
subwavelength cross-shaped apertures in metallic screens. The aim was to determine the most 
appropriate fabrication technique to be used considering the cost, ease of fabrication and 
accuracy in which the apertures were created. Some interesting physical effects are observed. 
 
Introduction 
Ever since the enhancement of extraordinary optical transmission (EOT) through arrays of sub-
wavelength cylindrical apertures perforated in a silver film was reported [1], 2D aperture arrays 
in metallic films have attracted immense interests among scientists and engineers. They have 
already been utilized in nano-scale color filters [2,3], sensor arrays [4,5], Raman spectroscopy 
[6] and optical elements [7-10]. With their wide range of applications in physics, chemistry, 
biology and material science [11], 2D plasmonic aperture antenna arrays play an important role 
in the future of nanoscience. Here, I have consolidated chapter 5 and the section 7.3 of my 
thesis [12] into a single report as I believe certain message was lost. In this report, attention is 
drawn to the fabrication techniques of arrays of symmetric cross-shaped apertures as well as 
some of the interesting experimentally obtained optical responses such as coexistence of multi-
resonant apertures within a single array. Part of this report was submitted as an abstract and 
presented at a poster session in [13]. I have divided the report into three main sections related 
to Electron Beam Lithography (EBL), Focused Ion Beam (FIB) and most significantly the SPP-
LSP coupling. 
Symmetric Cross-shaped Aperture Antennas 
(Simulation) 
Here I have retained the stamen from chapter 5 of my thesis and I quote: “In general, to 
investigate LSPR modes in apertures reliably, one must first eliminate any possible SPP-LSP 
couplings. LSP modes are function of the cavity dimensions whereas the SPP modes depend 
mainly on the array periodicities. To segregate the resonant SPP modes away from the target 
wavelength λ = 700 nm, array periodicity of P = 250 nm is chosen…”[12]. 
Above statement was not valid then and is not valid now either. It was the consequence of 
being misled and dictated to, simply because stating otherwise would be in contrary to the 
literature (or consensus) at the time.  
Now, according to equations: 
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at P = 250 nm, the cut-off wavelengths for the (1,0)SPP-air and (1,0)SPP-glass for silver fall at 
λ = 256 nm and λ = 403 nm respectively, and are supposed to be well away from the target 
wavelength. Subsequently, a unit cell within the array was modelled in FEM, see Figure 1(a). 
The top and the bottom interfaces were terminated with ports and the side interfaces were set 
to periodic boundary conditions to mimic an infinite array. The incident wave was polarized at 
45°, although any polarization angle would produce the same response. With the initial 
parameters of P = 250 nm, h = 40 nm, W = 40 nm and λ = 700 nm, a parametric sweep over 
the arm-length, sets the optimum value to L = 145 nm where the maximum EOT is observed, 
see Figure 1(b). The impact of variations in the arm-width and the film thickness was also 
investigated for L = 145 nm, see Figure 1(c)-(d). An increase in arm-width is accompanied by 
a noticeable blue-shift in arrays resonance, at a rate of λ 3.834W  = − , and a slight increase 
in transmitted power. A similar trend in resonance shift is observed with respect to the increase 
in film thickness at a rate of λ 1.25h  = −  and a more significant drop in the transmitted 
power. This is a clear indication of equation (1) not holding valid. Furthermore, from the 
asymmetric Fano line shapes of the spectra and the appearance of the (1,1) mode, though peaks 
falls outside the range reported here, it is clear that SPPs are involved in most cases. Only with 
thicknesses h  90 nm Lorentzian-like line shapes emerges. Therefore, attributing the optical 
response of an array of resonant cross-shaped aperture to purely that of the LSPs associated to 
the aperture, is misleading when h ⩽ 80 nm. Even for h  90 nm, one cannot avoid SPPs as I 
will show in the last segment of this report. In fact, the only conclusive evidence from this 
exercise was the influence of the aperture’s geometry on kSPP not catered for in equation (1). 
In other words, LSPs impact the kSPP by which the SPPs are launched, and subsequently the 
shifts in SPP modes without a major impact on spectral line shape. But as far as my 
investigations are concerned so far, this occurs in arrays of apertures. 
 Figure 1: (a) schematic of a unit cell with periodicity P, used for modelling the cross-shaped aperture array 
having arm-lengths L, Arm-widths W perforated in a silver film having thickness h. (b) Parametric sweep 
over the arm-length with initial parameters of P = 250 nm, h = 40 nm and W = 40 nm, sets the optimum 
arm-length for LSPR at λ = 700 nm to L = 145 nm. Resonance shift vs. (c) W and (d) h, for L = 145 nm.  
Fabrication - Electron Beam Lithography 
The sample was prepared as part of a training session at Melbourne Centre for Nanofabrication 
(MCN), where a microscope slide, (i.e. glass), was used as a substrate. The substrate was 
cleaned in a successive ultrasonic bath of acetone and isopropanol for 1 min/solvent followed 
by a 30 sec rinse in deionized water before being air-dried. Preparation of the thin film was 
carried out at MCN using IntlVac Nanochrome II electron beam evaporator, by first depositing 
a 2 nm Germanium layer, which acts as an adhesion layer between the glass and the silver, 
followed by 40 nm silver and 6 nm SiO2 layers. The SiO2 layer acts as a protective layer against 
the abrasion and/or oxidization of the silver film, with no significant impact on the overall 
optical properties. The sample was spin-coated with a diluted version of ZEP, (ANISOLE:ZEP 
2:1), at 2000 RPM for 1 minute and baked at 180 degrees for 2 minutes, which yield a 120 nm 
thick ZEP layer on top of the silver film. Note that ZEP was chosen due to its reasonably high 
post-spin thickness, hence a higher resolution after the exposure and higher resistance to the 
etching processes. EBL patterns for a set of cross-shaped aperture arrays, with arm-lengths L 
ranging from 120 nm to 170 nm, arm-width W = 50 nm and array periodicity P = 250 nm were 
prepared in the form of GDS files using KLayout software. GDS files were further processed 
into EBL’s GPF files, incorporating dose matrices, using the “Layout BEAMER” software at 
MCN. The optimal amount of energy, in the form of incident charge per unit area on the resist, 
may vary depending on the type of resist and geometrical aspects of the target feature. A dose 
matrix is particularly useful in determining the amount of energy required to optimally produce 
sub-wavelength features. For my target structures, 860 μC/cm2 produced the best outcome. 
After the exposure, the film was developed in ZED solution, (AZ726), at 53 degrees for 1 
minute. Etching process was carried out using a Reactive Ion Etching (RIE) with Argon gas 
for 5 minutes. Gas flow was set to 40 Standard Cubic Centimeters per Minute (sccm), with RIE 
power set to 200W. 
Post-fabrication characterizations were carried out by first examining the back-scattered light 
from each antenna array under an optical microscope, see Figure 2. Variations in observed 
colors are consistent with the variations in arm-length. Cavities with longer arm-lengths 
transmit the red component of the incident white light and back-scatter the rest, hence appear 
green due to the presence of blue, green and yellow components. Cavities with shorter arm-
lengths, on the other hand, transmit the shorter wavelengths and reflect the longer wavelengths 
of the spectrum, giving them their reddish appearance. Basically, wavelengths that are not 
reflected, are either transmitted or absorbed. And that would make an interesting research 
project whereby the amplitude or the intensity of the reflected and transmitted spectra are 
examined to determine the structural dependent as well as plasmonic losses. SEM images, see 
Figure 3, confirms the inhomogeneity/asymmetry of the crosses within a single array. Besides 
the irregularities in shapes, fabricated arm-lengths ranged from 128 to 143 nm vs. the target 
arm-length of L = 150 nm as specified in GDF files. The array periodicity, surprisingly, 
measured P  250 nm, that is very close to the design parameter. 
 
Figure 2: Optical image of arrays of cross aperture fabricated with EBL. Each array is 12x12 μm2. Patches 
of color contrasts corresponds to drastic variations in aperture geometry. 
 Figure 3: (a) SEM images of the crosses with arm-lengths ranging from 128 nm to 143 nm which 
corresponds to the target arm-length L = 150 nm as specified in GDF files. (b) Inhomogeneity in shapes and 
dimensions of the crosses is an indication of the poor quality when fabricating aperture arrays using EBL.  
Arrays were further characterized using an inverted microscope in dark-field mode with a dry 
dark-field condenser having a numerical aperture NA = 0.95-0.8. The sample was illuminated 
from the substrate by an incandescent unpolarized light. Transmitted intensities were collected 
from the air side by a 40 objective and analyzed by a Princeton Instruments spectrometer. 
Using the WinSpec software that controlled the spectrometer, dispersed spectra were recorded 
into two “.SPE” files, (a Princeton Instruments’ proprietary format) where each image was 
taken with a single exposure for 10s. Two SPE files (each containing three arrays) required 
post-processing in order to extract the spectra but offer an advantage of recording additional 
information such as exposure time, wavelength resolution, background emission, dark current, 
temperature…etc. Image representations of dispersed spectra are shown in Figure 4. Each 
bright band corresponds to an array. The x-axis represents the wavelength, (averaged over the 
width of the array in the horizontal direction) and the y-axis represents the spatial position in 
the vertical direction. Therefore the pixel intensity at (x,y) is the measure of the spectral 
amplitude at a specific wavelength (x) at position (y) along the length of the array.   
 
Figure 4: Image representation of the SPE files. The x-axis represents the wavelength and the y-axis 
represent the spatial position of the pixel. Pixel intensity at (x,y) position is the measure of amplitude at a 
specific wavelength and position. a) from top to bottom, 170, 160, 150 nm arm-lengths, b) from top to 
bottom, 140, 130, 120 nm arm-lengths. 
 
a) b) 
Examining the wavelength distribution over the length of each array allows us to probe the 
asymmetry/symmetry of the cavities within a particular array, hence the accuracy and 
consistency of the fabricated. Figure 5 to Figure 10 show different aspect of the results for each 
array. In each figure, (a) is the image cut out from Figure 2. (b) Shows the post-processed 
normalized dispersed spectrum (I-Imin)/(Imax-Imin) with red = 1 and blue = 0. Here, I, Imin and 
Imax are the intensity measured, the minimum local intensity (or the background) and the 
maximum local intensity respectively. (c) Depicts critical lines where maximum intensities are 
observed within the array. Additionally, a single spectrum produced by averaging the 
intensities over the length of the array (labelled as “Lines ystart-yend”), is also included. (d) 
Represents the averaged intensity distribution over the length of the array. 
 
Figure 5: L = 170 nm 
 
Figure 6: L = 140 nm 
 
Figure 7: L = 160 nm 
 
Figure 8: L = 130 nm 
 
Figure 9: L = 150 nm 
 
Figure 10: L = 120 nm 
 
The resonance of the array with arm-lengths L = 170 nm, was closer to the target wavelength 
λ = 700 nm, see the consolidated plot in Figure 11. This is in contrast to our simulations that 
set the arm-length to L = 145 nm. Uneven intensities and the presence of double peaks within 
each array is a testimony to the inhomogeneity/asymmetry in apertures’ dimensions. The 
variation in shapes and dimensions of cross-shaped apertures within a single array are clearly 
due to the fabrication process with interesting side effects. For example, the array with target 
arm-length 130 nm has its resonance mode at λ550 nm and a shoulder at λ650 nm. Whereas 
the array with target 160 nm arm-length produces a wider band with two pronounced resonance 
peaks at λ600nm and λ 650 nm. Most interestingly, the array with target 120 nm arm-length 
showed three modes at λ 540, 600 and 660 nm corresponding to green orange and red 
respectively. These multi-resonances within the same array are all due to the variations in 
aperture geometry associated to the fabrication errors, however, such interesting phenomena 
may be harnessed in variety of applications including waveplates and color filters if the 
fabricated asymmetry of the aperture could be controlled as per design. Note that I do not 
attribute the existence of such multi-resonances, (separated by more than 20 nm in 
wavelength), to small variations of approximately 15 nm between Lx and Ly as seen in Figure 
3(a) but rather to patches of apertures with a more drastic variation in their size and geometry 
as seen in Figure 3(b). The consolidated plot of all spectra in Figure 11 also supports this. 
 
Figure 11: Consolidated plot: Transmitted intensities averaged over all spectral lines (i.e. over the length 
of an array), normalized to the maximum pixel intensity. Presence of multiple resonance modes within a 
single array is clearly noticeable.  
Presence of multi-resonances and their position within a single array is clearly visible in the 
3D plots below, see Figure 12(e)-Figure 17(e). 
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 Figure 12: L = 120 nm. (e) 3D dispersed “transmission” spectra, i.e. normalized transmission vs 
wavelength vs spectral lines. 
 
Figure 13: L = 130 nm 
 d) 
e) 
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Figure 14: L = 140 nm 
 
Figure 15: L = 150 nm 
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 Figure 16: L = 160 nm 
 
Figure 17: L = 170 nm 
Fabrication - Focused Ion Beam 
In this section, a different technique for fabricating arrays of cross-shaped apertures is 
employed, namely the Focused Ion Beam (FIB). Film deposition and the sample preparation 
for a 40 nm thick silver film is carried out in the same manner as explained in section 0. 
Fabrication process using a FIB instrument, however, requires the preparation of bitmap files 
comprising of the patterns to be milled. Possibilities in bitmap preparation for an array of cross-
shaped apertures with certain dimensions are endless. Combination of bitmap resolution, the 
use of bitmap colors, ion current, beam overlaps, dwelling time…etc. all impact the quality of 
the milled feature. During the course of my project, I investigated various techniques in 
 
400 450 500 550 600 650 700 750 800 850 900
380
390
400
410
420
430
440
450
460
470
480
490
500
510
520
530
540
550
 
0
.0
0
.2
0
.4
0
.6
0
.8
 Intensity
 S
p
a
tia
l D
is
trib
u
tio
n
0.0
0.2
0.4
0.6
0.8
In
te
n
s
it
y
 
 Line 464
 Lines 425-505
a) 
b) 
c) 
d) 
e) 
400 450 500 550 600 650 700 750 800 850 900
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
N
o
rm
a
liz
e
d
 I
n
te
n
s
it
y
Wavelength (nm)
 Line 464
 Lines 425-505
f) 
 
d) 
e) 
400 450 500 550 600 650 700 750 800 850 900
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
N
o
rm
a
liz
e
d
 I
n
te
n
s
it
y
Wavelength (nm)
 Line 918
 Line 1000
 Lines 925-995
f) 
400 450 500 550 600 650 700 750 800 850 900
890
900
910
920
930
940
950
960
970
980
990
1000
1010
1020
0
.0
0
.2
0
.4
0
.6
0
.8
 Intensity
 S
p
a
tia
l D
is
trib
u
tio
n
0.0
0.2
0.4
0.6
0.8
In
te
n
s
it
y
 Lines 925-995
 Line 918
 Line 1000
 
c) 
b) 
a) 
fabricating cross-shaped apertures, some of which led to a higher fabrication quality. This 
report is divided into three sections, each corresponding to a different technique. 
1. Black and White, 10 nm per Pixel 
For the first trial, a 24-bit bitmap file, in black and white, was prepared for an array of cross-
shaped apertures having arm-lengths L = 150 nm and arm-widths W = 50 nm and a periodicity 
of P = 250 nm. With ion current set to I = 1.5 pA and the relative interaction diameter of 35%, 
the ion beam spot size is approximately 10 nm in diameter. Based on this, cavity dimensions 
were scaled into their pixel representation. The arm-length L = 150 nm is represented by 15 
pixels, arm-width W = 50 nm by 5 pixels and periodicity P = 250250 nm by a 2525 pixels 
square area, see Figure 18(a). Milling was performed with various dwelling time to determine 
the optimum value responsible for the highest quality. For our target pattern, the optimum dwell 
time of 2.2 ms produced features resembling cross-shaped apertures, however, the fineness was 
less than the desirable level of precision. Clearly, the crosses were over-milled at the center, 
see Figure 18(b)-(d).  
 
Figure 18: (a) bitmap representation of the cross-shaped aperture antenna array. Dimensions in pixels: 
arm-length L = 15 pixels, arm-width W = 5 pixels and periodicity P = 25 pixels. (b)-(c) SEM images taken 
at 52° tilt angle corresponding to milled arrays with dwell times 2 ms, 2.2 ms and 2.5 ms respectively. 
2. Grey Scale, 10 nm per Pixel With  
In the previous attempt, fabricate crosses were over-milled at the centers. The anisotropy is 
partially due to the ion beam having a Gaussian profile and partially due to the secondary ions 
bouncing off the edges of the cavity’s boundaries towards the center. Cavity centers, 
consequently, receive more charge per unit area, hence the over-milling.  To remedy the 
problem a new bitmap file was prepare which took advantage of the correlation between the 
pixel values (i.e. the color) and the dwelling time. In the new bitmap file, the area occupied by 
a cross was divided into four different regions each with a different grey scale value, see Figure 
19. The center lines are drawn using the darkest grey as the cavity center needs less exposure. 
Moving away from the center, lines become lighter until the outermost boundaries which are 
in pure white (i.e. [R,G,B]=[255,255,255]). Furthermore, the pixels at the inner corners of the 
crosses are set to black to switch the ion beam off at those locations. This helps the milled 
geometry to resemble a cross more pronouncedly. 
 
Figure 19: bmp pattern used, note the black inner corners 
With the ion current set to I = 1.5 pA, the impact of variation in the RID and dwelling time on 
the milling quality were examined. A 10% RID results in a beam diameter of 7.7 nm. Milling 
the crosses with 2 ms dwell time, marked the geometries on the metal surface at a depth less 
than the film thickness, see Figure 20(a)-(b). A second attempt with 0% RID reduced the 
effective beam diameter to 7.5 nm and increased the delivered charge per unit area and 
consequently the mill depth, see Figure 20(c)-(d). Increasing the dwell time to 3 ms, Figure 
20(e)-(f), and then to 4 ms, Figure 21, gradually improved the fabrication quality. The end 
results, however, showed irregularities in milled crosses. 
 Figure 20: (a)-(b) Current I = 1.5 pA, dwell time = 2 ms, 10% relative interaction diameter, total beam 
diameter of 7.7 nm, (c)-(d) relative interaction diameter reduced to 0, total beam diameter of7.5 nm. (e)-(f) 
dwell time set to 3 ms. 
 Figure 21: (a)-(c) Current I = 1.5 pA, dwell time = 4 ms, 0% relative interaction diameter, total beam 
diameter=7.5nm. 
3. Lines Segments 
An alternative approach to the bitmap preparation for the cross-shaped apertures is the use of 
line segments to define the arms. Assuming a 10 nm per pixel resolution, an arm-length of 150 
nm translates to a single line, (or number of successive line segments), that measures 15 pixels 
in total. In 0 the over-milled centers were attributed to the secondary ions bouncing off towards 
the center. To avoid this intrinsic FIB behavior, a new bitmap file was prepared where each 
cross is represented by four nonintersecting line segments, Figure 22. In this technique, the 
effective diameter of the ion beam determines the arm-width. 
 
Figure 22: bitmap patterns for crosses 150 nm in arm-length. Each arm is designed a two successive line 
segments that measures 15 pixels in total. A central area measuring cell/6 at the center of each cross is left 
blank to prevent over milling. 
 
 
Figure 23: Top view SEM image of the arrays. 
As a test run, a 1010 version of the above bitmap was prepared. The beam current and the 
dwell time were set to 1.5 pA and 4 ms respectively. Other parameters were set to their default 
values by the Ag_photonics script. The instrument set the effective diameter of the ion beam 
to 7.5 nm. Note that Ag_photonics is a script developed at MCN, comprising a number of 
parameters optimized for milling silver films.  A test run with a single pass, produced an array 
with a relatively high quality in comparison to previous attempts, see Figure 24. The arm-
lengths measured 155 nm and 135 nm. The arm-width of 50 nm, (although very close to 
the design parameter), is wider than the ion beam diameter. A close examination of the SEM 
images, see Figure 24(a), revealed that the apertures are over-milled deeper than intended and 
subsequently into the substrate. This is the consequence of a longer than needed dwell time 
which can be adjusted accordingly. A remarkable observation here is the periodicity of 252 
nm which is very close to the target P = 250 nm. This is noteworthy because the previous 
techniques discussed in sections 0, 0 and 0 also led in arrays where the fabricated periodicities 
reflected the design parameter accurately. 
 Figure 24: (a) Test run using a 10x10 cross cavity aperture array bitmap. Current was set to 1.5 pA. Dwell 
time was set to 4 ms and relative interaction diameter was set %0 with serpentine. The actual arm-
length=154.9 nm & 134.7 nm with periodicity 252.3 nm, (b) top view. 
With the promising results obtained in the test run above, a 5050 symmetric cross-shaped 
aperture array with target arm-length L = 150 nm, was milled with slightly lower dwell times 
of 3.5 and 3 ms to further refine the fabrication quality, see Figure 25. Fabricated array 
periodicities measured P = 248 nm in both cases and close to the target P = 250 nm. Arm-
lengths measured Lx = {150, 143}nm and Ly = {120, 133}nm for dwell times t = {3.5, 3}ms 
respectively, i.e. an unexpected asymmetry, see Figure 25(a)-(b). Dispersed spectrum, Figure 
25(c), for both arrays were obtained using the same technique described in section 0. Top view 
images taken at 0° tilt angle, Figure 25(d), revealed that the fabricated crosses are asymmetric 
and anisotropic in a peculiar way. One half-arm is shorter, narrower and shallower than the 
other half-arm along the same arm-length, e.g. in the x direction. When milling a feature based 
on a single line segment, the starting pixel on the target surface receives more charge per unit 
area in comparison to the subsequent pixels. The excess charges are due to the diffracted 
secondary ions from the neighboring pixels. This delivers more charge per unit area at the 
starting pixel giving it a deeper and wider profile in comparison to the end pixel. Fabrication 
defect due to secondary ions, however, may not be eliminated. In this exercise, a single pass in 
conjunction with the serpentine milling pattern was used, where each row is milled in the 
opposite direction to the previous one. This results in defects that are aligned in opposite 
directions in alternating rows, see Figure 25(d)-(e).  
 Figure 25: 5050 cross-shaped aperture arrays, with target arm-lengths L = 150 nm, milled with dwell times 
of (a) 3.5 ms and (b) 3 ms. (c) Dispersed spectra associated with (a) and (b), (d-(e) top view with tilt angels 
0° and 52° respectively. Serpentine milling pattern introduces defects in the form of asymmetry in the 
milled crosses. The asymmetry changes orientation in alternating rows.  
Above process was repeated with bitmap patterns with a target arm-length L = 130 nm. With 3 
ms dwell time, the fabricated arm-lengths measured 126119 nm, whereas the 3.5 ms dwell 
time produces crosses with arm-lengths 122121 nm, see Figure 26.  
 
Figure 26: 5050 cross-shaped aperture arrays with target arm-length L = 130 nm milled with dwell times 
of (a) 3.5 ms and (b) 3 ms. (c)-(d) Dispersed spectra associated with (a) and (b) respectively. 
SPE files were post-processed and are depicted in Figure 27-Figure 30. In each figure, (a) 
shows the post-processed normalized dispersed spectrum (I-Imin)/(Imax-Imin) with red = 1 and 
blue = 0. Here, I, Imin and Imax are the intensity, the minimum local intensity (or the background) 
and the maximum local intensity respectively. (b) Depicts critical lines where maximum 
intensities are observed within the array. A single spectrum produced by averaging the 
intensities over the length of the array (labelled as “Lines ystart-yend”), is included as before. (c) 
Represents the averaged intensity distribution over the length of the array. SPE files revealed 
a more evenly distributed spectral lines in comparison to those fabricated with EBL, compare 
Figure 27-Figure 30 to Figure 5-Figure 10. Unlike the double peaks observed in section 0, 
spectra in this exercise exhibit a smoother line with a single peak at  λ ≈ 750 nm and λ ≈ 700 nm 
for L = 150 nm and L = 130 nm respectively. The consolidated plot of the transmission spectra 
is depicted in Figure 31 (read the caption). This is an indication that milled crosses within a 
single array are more homogenous in shapes and sizes in comparison to those fabricated with 
EBL. Relevant post-process SPE files are shown in Figure 29 and. 
 
Figure 27: L = 150 nm DT =  3.5 ms 
 
Figure 28: L = 150 nm DT = 3 ms 
 
Figure 29: L = 130 nm DT = 3.5 ms 
 
Figure 30: L = 130 nm DT = 3 ms 
 Figure 31: Transmitted intensities averaged over the length of an array normalized to the maximum pixel 
value vs. the wavelength for the 5050 cross-shaped aperture arrays fabricated with FIB using bitmap 
patterns based on line segments. Target arm-lengths are L = 130 nm and L = 150 nm. averaged over all 
spectral lines (i.e. over the length of an array 
SPP-LSP Coupling 
Cross-shaped apertures are classified as slot antennas, and as such, they possess a distinct 
LSPR, which is the function of the aperture’s shape, dimensions and constituent materials. 
Localized surface plasmons associated with shape resonances, however, are highly sensitive to 
the geometry and the dimension of the metallic nanostructures [14,15], hence more prone to 
fabrication errors. Relative fabrication error is defined as ΔL/L, where L is the target dimension 
and ΔL is the intrinsic absolute error that depends on the fabrication technique, material, skill 
set and the health of the instrument. Although the smallest spot size achievable by an Electron 
Beam Lithography (EBL) or a Focused Ion Beam (FIB) can be as low as 5 nm [16,17], the 
fabrication error can be tens of nanometers. Consider an array of cross-shaped apertures having 
arm-widths W = 40 nm and arm-lengths L = 180 nm, perforated in a 140 nm thick silver film. 
Such a structure has its resonance at λ = 660 nm [18].  This is the same resonant wavelength 
corresponding to the (1,0) surface mode of a hole array with periodicity P = 600 nm with hole 
diameters d = 300 nm perforated in a 200 nm thick silver film [19]. The latter results in a lower 
relative fabrication error of ΔL/600 nm corresponding to the periodicity P = 600 nm vs. 
ΔL/180 nm associated with the cross-shaped aperture with arm-lengths L = 180 nm. It is highly 
desirable to fabricate relatively larger nanostructures, i.e. periodic surfaces in this case, while 
maintaining the same operational wavelength. By tailoring the aperture’s dimension and the 
periodicities of a rectangular array, it is possible for the aperture’s resonance to coincide with 
the center wavelength of the two orthogonal SPP modes. The aim is to model a less-than-
perfect scenario that includes a 10 nm fabrication error associated with apertures and show 
that despite the aperture’s dimension being more prone to fabrication errors, it is still possible 
to produce a SPP induced Circularly Polarized Light (CPL) response. My previous simulations 
[20] showed that an isolated symmetric cross-shaped aperture with arm-lengths 170 ± 5 nm 
and arm-widths 40 nm perforated in a 100 nm silver film supported by a glass substrate has a 
peak in transmission at the target wavelength λ0 = 700 nm, see Figure 32.  
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 Figure 32: Transmission vs. the armlength of a cross cavity with arm-widths 40 nm perforated in a 100 nm 
silver film. 
Here, an asymmetric array of “symmetric” crosses having arm-lengths L = 165 nm was 
modelled. Choosing the value of the lower bound for arm-lengths allows for parametric sweeps 
over periodicities without violating the periodic boundary condition. Arm-lengths are aligned 
with the x and y axes. The arm-widths W = 40 nm, film thickness t = 100 nm, and the target 
wavelength λ0 = 700 nm were set as before. For a square array of such symmetric crosses, 
periodicity of P = 325 nm, maximizes the throughput. Optimum periodicities for S3 = 1 at 
λ0 = 700 nm were then found to be Px = 272 nm and Py = 366 nm, when illuminated with a 
normally incident linearly polarized plane wave at α = 45°. Figure 33(a) depicts the simulated 
Stokes parameters for the device.  
 
Figure 33: (a) Normalized Stokes parameters for a rectangular array of symmetric cross- apertures, 165 
nm in arm-length and 40 nm in arm-width, perforated in a 100 nm thick silver film when illuminated by a 
normally incident plane wave at λ = 700 nm polarized at 45°. The periodicities of the array are Px = 272 nm 
and Py = 366 nm. (b) S3 parameters for the rectangular array of symmetric cross-cavity apertures with 
various arm-lengths.  
In order to study the impact of the 10 nm fabrication error associated with apertures, hence 
the shift in LSPRs, the array was modelled with cross aperture having various arm-lengths 
ranging from 155 nm to 175 nm while retaining the same Px = 272 nm and Py = 366 nm. Figure 
33(b) depicts the S3 parameter vs. the incident polarization for each arm-length. It is apparent 
that despite the variation in arm-length, a high degree of CPL is possible, provided that the 
polarization of the incident light is adjusted accordingly, (I have demonstrated such technique 
experimentally in [21,22]). Yet a more remarkable implication is that the surface modes, (rather 
than the constituent resonant apertures), are dictating the polarization response of the array. 
One cannot avoid SPPs. Consequently, attributing a high degree of circularly polarized 
transmitted light, with S3 = 0.86 [23], to asymmetric crosses with arm-lengths 132.5 nm and 
145 nm modes alone is questionable as I have elaborated on my reason to believe so in 
[arXiv:1806.00619v12]. Furthermore, unlike the spectra I reported here which were obtained 
using dark-field microscopy (hence the scattered light by the apertures with no background 
field), polarization measurements reported in [23] were carried on the transmitted light through 
the array perforated in a 40 nm silver film [23]. As I have shown in chapter 8 of my thesis [12], 
for silver film thicknesses less than 50 nm, the incident field leaks through the film and is 
transmitted partially. Experimental value 
2S  0=  as reported in [23], (and the subsequent 
2S   0.' 04=−  which was obtained by transformation applied to the empirical results but not 
verified experimentally), are too negligible and inconsistence with the leakage through the film 
with incident polarization set to 45°. Therefore, I tend to believe the film was much thicker 
than the reported 40 nm, which may not be asserted given the lack of cross-sectional image. 
The other possibility is inaccuracies or anomalies in measurement technique, which could have 
been verified by taking another set of measurements with incident polarization adjusted by 
9.8°, with the new results being compared to those obtained by transformation. 
In any case, historically, I incepted the idea of the asymmetric cross-shaped nano-antenna and 
its polarization depended back in 2011 that I presented in a poster session [24,25]. As for 
asymmetric (or biperiodic) array of symmetric crosses I must clarify few things here. In late 
2012 (or early 2013) I started investigating the quarter waveplate functionality of a biperiodic 
array of symmetric cross-shaped apertures and by early 2013, a short report was conveyed to 
my main supervisor at the time with her initial sentiment in a meeting being that of dismissal 
of the idea as a whole, presumably due to the published work favoring the optical response of 
an array of resonant apertures being dictated by apertures’ mode. Despite promising numerical 
results, I was prevented from pursuing the fabrication of such biperiodic arrays of crosses, 
being undermined with unreasonable demands and statements such as “You must show me 
(with the proof sense of the meaning of the word) that your idea is valid before fabricating it”, 
which is a fallacious argument given a proof mandates experimental results. At some stage, in 
a one on one supervisory meeting, I showed willingness to pay for the two hours FIB time 
needed, but that suggestion was also rejected. And yet all this occurred after I had 
demonstrated/communicated the polarization dependence color-filter functionality of a 
biperiodic array of circular holes in early 2013, see Figure 34, which I suspect for some incident 
polarization at some wavelength, circularly polarized transmitted light could have been 
produced. But I was prevented from further characterization of my own fabricated device by 
being assigned to some other task. I can only speculate on her reasons, but I guess my work 
presented conflicts of interest with hers in many ways.  
 
Figure 34: Transmitted light through a rectangular (biperiodic) array of circular holes with different 
periodicity in the x and y directions. Transmitted light goes from red to green when incident polarization 
changes from 0° to 90°. 
In fact the device I designed, modelled, characterized and reported in [21], was milled by 
another student (not to be blamed for any of these) who volunteered to do so at his own booking 
time. Or perhaps it was not so voluntarily given that I was then allowed to proceed with the 
idea and the characterization. I may be too naïve or perhaps too optimistic for stating this, but 
it seemed that someone else had intervened so I could progress. Yet the idea of bi-periodic 
array of symmetric crosses was exploited by other members of the team (mainly a postdoc) 
who, although hired in our group at the time, also collaborated with yet another institution 
without my consent or prior knowledge, which led to the work reported by Kou et. al. [26]. 
How all these were permitted under the same supervision, is beyond my comprehension. And 
yet the article acknowledges a certain student and a funding scheme not related to my work.  
The main point here is that Australian academia is infested with misconducts. Ideas are 
plagiarized by leading academics. Research funds are secured by those who commit plagiarism 
and yet publishers turn a blind eye to all these to secure a manuscript. And those who manage 
to publish plagiarized work in a high impact journal, are awarded with subsequent research 
funds, career promotions and honorary awards. When such matters are raised with the institute 
itself, further misconducts of a more serious nature are committed. And when such matters are 
reported to the Australian authorities, yet more misconducts are committed (such as coverups, 
denial to access information, extorsion and many other more serious crimes) by both the 
authorities and the very institute they are supposed to investigate. And all these are done at the 
expense of the very person who originated the ideas in the first instance.  
Conclusion  
Although EBL is more economical in mass production of large arrays, shapes and the 
dimensions of the fabricated apertures deviates from the design when EBL is used as a 
preferred fabrication technique. One significant observation as a result of this exercise was the 
experimental proof of the existence of multi-resonance modes within a single array, associated 
to variations in aperture geometries. FIB on the other hand, was proven to produce 
subwavelength apertures with dimensions that are more aligned with the design. Note, the 
accuracy and precision of fabricated features depend partially on the skill and proficiency of 
an individual with each technique. Another disadvantage of EBL, in comparison to FIB, is the 
cost associated with extra steps involved in the process, namely the preparation of GDS and 
GPF files, spin coating the resist, developing, etching, separate SEM session for measurements 
and sometimes removal of the left-over resist by means of chemical etching. FIB (besides 
having none of the overheads associated with EBL) has a built-in SEM that facilitates a trial 
and error approach during the fabrication. Therefore, until a more efficient EBL techniques and 
recipes are investigated/discovered, one must resort to FIB when fabricating arrays cross-shape 
apertures. One remarkable outcome of these exercises was the observed accuracy in fabricated 
periodicities that was common among various techniques deployed. Plasmonic effects based 
on periodic surfaces, although entailing a more complex light-matter interaction, are versatile. 
A seemingly simple surface wave may be responsible for a variety of optical effects.  
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